I. INTRODUCTION
TaC is a group IV based ultrahigh temperature ceramic which exists as TaC x (x ¼ 0.7 to 1.0) in Ta-C phase diagram. Stoichiometric TaC has a high melting point of 3985 C with a molar mass of 192.96 g/mol and density varying from 13.9-15 g/cc (Refs. 1-3) depending on the stoichiometry and purity. TaC also possesses good thermal conductivity (22 W/m/K), low coefficient of thermal expansion (6.6 Â 10 -6 /K), hightemperature creep strength and thermal shock resistance, and high temperature thermal stability. [4] [5] [6] [7] [8] TaC has a high ablation and erosion resistance for most propellants due to its stability against complex gaseous and thermal environments. 6, 8 These properties make TaC an excellent candidate for thermal protection systems, hypersonic vehicles, and nozzle throat inserts, for withstanding exit gases under propulsion environment. 1, [7] [8] [9] Densification of TaC to obtain a fully dense structure has been a major challenge. Several processes have been used for processing tantalum carbide such as HIPing, 10 hot pressing, 11 vacuum plasma spraying, 1 spark plasma sintering (SPS), [12] [13] [14] reaction synthesis, 15 and molten salt synthesis. 16 Ta 2 C phase formation is often observed in some of these processes by its transformation from TaC due to depletion of C 1 . Sintering additives such as carbon and B 4 C have been added to TaC to obtain fully dense structure with refined grain size. 11 In our recent studies, nano B 4 C and carbon nanotubes (CNTs) were added to TaC as sintering additives and consolidated using spark plasma sintering. 13, 14 Though sintering additives assist in densification, it also results in the creation of other phases such as TaB 2 and Ta 2 C. The creation of new phases leads to formation of multiple interfaces in the Ta-C system that could influence the mechanical properties and stability of the structure. In order to understand the role of phase stability, computational techniques have been adopted to predict the stable equilibrium structure of Ta-C phases. These techniques include energy of stepped TaC surfaces by Shenoy and Ciobanu, 17 tantalum interaction with charged fullerene by Ramaniah, 18 and estimation of elastic properties of TaC by Torre. 3 Since the interaction among various Ta-C phases can strongly influence its mechanical and thermal properties, 1, 13, 14 it becomes essential to elicit the stability of interfaces.
In the current work, the energy of interfaces generated during the processing of TaC with B 4 C additive and CNT 13, 14 has been evaluated using SIESTA (Spanish Initiative for Electronic Simulation of Thousands of Atoms) ab initio molecular modeling. Correspondingly, the iso-surface energy contours of the dominant interfaces existing in Ta-C-B system have been extracted to predict the nature of the interfaces and their stability brought about by the B 4 C sintering additive and CNT reinforcement. The computed Ta-C interfaces are also compared with experimentally observed interfaces in high resolution TEM images.
II. MATERIALS AND METHODS

A. Background
In our recently published studies, TaC-1 wt.% B 4 C composite 13 and TaC-4 wt.% CNT composites 14 were synthesized using spark plasma sintering at 1850 C and pressures of 100, 255, and 363 MPa. Tantalum carbide powder (Inframat Advanced Materials, CT, USA) had a purity of 99.7% and a composition by weight of total carbon !6.2%, free carbon 0.15%, Nb <0.3%, and O between 0.15-0.3%. The mean TaC powder size measured from SEM images was 0.36 6 0.13 lm. Boron carbide nanopowder (MTI Corporation, CA, USA) had an average particle size of 50 nm and a purity level of 98%. Nano-sized B 4 C were added to TaC by ultrasonic mixing in acetone. Two kinds of CNTs were used in the previous work.
14 The longer CNTs were -COOH group a)
Author to whom correspondence should be addressed. functionalized (Nanostructured and Amorphous Materials Inc., TX, USA) and were more than 95% pure and had a diameter of 30-50 nm and length between 10-20 lm. The shorter CNTs (Inframat Advanced Materials, Willington, CT, USA) had a purity of more than 95%, diameter of 40-70 nm, and length 1-3 lm. CNTs were dispersed by spray drying and ultrasonic mixing and the effect of CNT length and dispersion on the strengthening was observed. Though the length of CNTs will elicit difference in bulk properties, the molecular modeling remains unaffected by the length of CNTs. SPS was carried out at a heating rate of 200 K/min in argon atmosphere for hold time of 10 mins. Addition of nano-sized B 4 C resulted in enhancement of density due to an exothermic reaction with TaC leading to formation of TaB 2 and C. The density increased from 89% to 97% for the samples pressed at 100 MPa. 13 It was observed that CNTs transformed to graphite at pressures above 100 MPa. 14 The details of TaC-B 4 C and TaC-CNT composites synthesized by SPS can be found in our recently published studies. 13, 14 B. Crystal structure of phases in Ta-C-B system
Processing of TaC mandates the addition of sintering aids for achieving high (>96%) sinter densities. 11, 12, 19, 20 Consequently, the reaction among phases generates several interfaces which could influence the performance of TaC. Crystal structure details of phases of interest in Ta-C-B system are presented in Table I . TaC, Ta 2 C, CNT, and TaB 2 were the major phases observed after consolidation. Since only first adjoining layer of a CNT interacts, its graphitic basal plane is considered for interfacing with other phases. Figure 1 shows the interfaces of TaC/CNT, Ta 2 C/CNT, TaC/TaB 2 , TaC/Ta 2 C, and TaB 2 /CNT. Following which, , and TaC-Ta 2 C crystal of 9.091 Â 16.938 Â 11.600 Å 3 resulting in a maximum interfacial strain of 4.16%, 2.15%, and 5.14%, respectively. Interface with CNT is represented by graphitic layers to mimic the carbon atoms on a CNT surface. Correspondingly, hexagonal TaB 2 -CNT crystal of 9.560 Â 9.560 Â 11.572 Å 3 (with a ¼ b ¼ 90 and c ¼ 120 ) resulted an interfacial strain of 3.20%. The interfacial spacing between the adjoining surfaces is provided on the basis of distance between the immediate layers specific to an isolated crystal. Hence, in TaB 2 crystal, this spacing is the distance between the surface Ta atoms and adjacent B layer (of distance 1.620 Å ). Similarly, in Ta 2 C-CNT the interfacial spacing is equal to the distance between the terminating surface of carbon layer and the closest Tantalum layer of Ta 2 C crystal (i.e., 1.232 Å ). Thus, the above stated crystals were used for evaluating the energy of the system by subtracting the energy of the isolated half-crystals to yield the energy of the interface (explained later in Sec. III B. Since the interfacial area is known, interfacial energy per unit area was successively estimated.
C. Ab initio molecular modeling of Ta-C interfaces with B 4 C and CNT Ab initio SIESTA 1.3 package was utilized with KohnSham self-consistent density functional using linear combination of atomic orbitals basis set for electronic simulation of Ta-C-B system. 21, 22 Periodic nature of the crystalline TaC, TaB 2 , C, and Ta 2 C phases, a plane wave basis set with periodic boundary conditions was used for Ta-C-B system. 19, 20 Exchange correlation functional of Ta, C, and B were obtained from spin-polarized non-relativistic Ceperley-Alder scheme of Perdew and Zunger. 19 Nonrelativistic ground state components were expressed in Kleinman and Bylander projectors. 19 Nonlocal, normconserving improved Troullier-Martins approach was utilized to trap the interaction between valence and core electrons and generate pseudopotentials. 19, 21, 23 These generated pseudopotentials were confirmed by equilibrating the standard crystal structures of TaC, Ta 2 C, and TaB 2 and matching the bond lengths and angles.
The Using these values and the standard SIESTA format for generating pseudopotentials, the pseudopotential files for Ta, B, and C were created followed by creating individual phase and composite interface analysis.
Self-consistent Kohn Sham solution was obtained via diagonalization for evaluating localized spin density Hamiltonian. Mesh cut-off energy was set to 30 Ry for the energy calculations, while optimizing coordinates via molecular dynamics was obtained using conjugate gradient method. Force convergence of 0.05 eV/Å or 5 iterations was utilized while setting maximum displacement of 0.2 Bohr.
D. Phase and microstructural characterization of TaC composites
Phase analysis of the generated phases during SPS of TaC with B 4 C and CNT have been carried out in our earlier works.
13,14 XRD was carried out using a Bruker D5000 x-ray diffractometer employing Cu-Ka radiation. Fracture surfaces of TaC-B 4 C and TaC-CNT synthesized via SPS were observed using a JEOL JSM 630 F scanning electron microscope (SEM) with a field emission gun. Interfacial products at the TaC grain boundaries were also observed using a Philips/FEI Tecnai F30 transmission electron microscope (TEM) at an accelerating voltage of 300 kV.
III. RESULTS AND DISCUSSION
A. Thermodynamics of phase generation in Ta-B-C system
Several pseudobinary interfaces of TaC-C, TaB 2 -C, and TaC-TaB 2 have been predicted in the TaC-B-C system. 9, 11, 15, 16, 24 It must be noticed that the addition of B 4 C sintering additive and carbon (as CNT) and can result in the following two reactions, respectively:
The thermal dependence of the free energy change can be observed in Fig. 2 negative for both reactions up to 2400 C. But, reaction (1) becomes less negative with the increasing temperature. 13 Since excess carbon is present in the product of the reaction (1), it favors reacting with Ta 2 C and thus, reducing nature of carbon favors the retention of TaC as shown in reaction (2). 11, 15, 16 Protective coating of TaC on carbon fiber has evinced retention of TaC phase without the generation of Ta 2 C at processing temperature of up to 1100 C. 25, 26 The free energy change of both the reactions is plotted in Fig. 2 indicating that reaction between B 4 C sintering additive and TaC ease up in forming TaB 2 and releases excess carbon and inhibits formation of Ta 2 C. Interactions at various interfaces are of interest since the stability of these interfaces dictates the structural properties. Figure 3 shows the XRD plots with new phases such as Ta 2 C and TaB 2 formed during processing leading to formation of new interfaces.
B. Bulk and interfacial energies of Ta-B-C system
The simulations in the current study show that the bulk energies of the various phases elicit higher stability of Ta 2 C (À379.86 eV/molecule) followed by TaB 2 (À262.61 eV/molecule), TaC (À244.39 eV/molecule) and CNT (À153.89 eV/ atom). The comparative higher stability of Ta 2 C over TaC phase is also confirmed by other researchers. 25, 26 In order to evaluate the bulk energy, half-crystals of each type (i.e., Ta 2 C, TaC, etc.) were created. Whereas, for calculating the interface energy, two half crystals of each type were constructed were merged to represent a single crystal. Inherently, the half crystals of each type have one extra surface, which interfaces with the half crystal of other type to reduce its surface energy. The stability of the interface can be calculated by subtracting the total energy of composite crystal (with the interface) from the added energy of the two half crystals. Thus, the stability of the TaC-Ta 2 C interface can be expressed equal to the total energy of TaC-Ta 2 C (one free surface each of TaC and Ta 2 C along with their interface) minus a sum of total energies of half crystals of TaC and Ta 2 C (possessing two free surfaces and no interface), giving a net total of energy of the interface. Thus, the stability of the interfaces can be extracted from the resulting interface stability energy per unit cross-sectional area as listed in Table II. As seen in Table II , the surfaces interfacing with CNT show more negative interfacial energy, which confirms the stability of interfaces in the presence of excess carbon. Further, the interface of TaC-CNT is favored (energy reduction, i.e., -81.3 eV/Å 2 ) over Ta 2 C-TaC (-47.2 eV/Å 2 ). Since pseudopotentials are used to evaluate the interface energy, the absolute values are not those observed practically, but provide an indication that interfaces with more negative energy will be more stable. Thus, this method provides relative quantitative information on the stability of various interfaces. Thus, presence of CNTs is beneficial in restricting the formation of Ta 2 C and is expected to supplement carbon in the carbon-deficient TaC x phases (72% more stable than TaCTa 2 C interface). As pointed out in Table II , the Ta 2 C-CNT interface elicits more negative interfacial energy (35.8% more stable) in comparison to that of Ta 2 C-TaC, a high probability of Ta 2 C interaction with CNT is expected. It has been shown by researchers that carbon diffusivity increases substantially (up to six times) with the decrease in the carbon stoichiometry of TaC x (Ref. 9). Since CNTs serve as source of carbon, they are expected to suppress the generation of other non-stoichiometric TaC x phases as well. XRD plots in Fig. 3 also show that the TaC-CNT sample sintered by SPS at 1850 C does not show Ta 2 C formation, whereas TaC sample without any additive shows significant production of Ta 2 C. Though B 4 C is added as a sintering additive, it inherently reacts with TaC and forms TaB 2 .
13 Similar to other interfaces, CNT interfacing with TaB 2 is preferred instead of its interfacing with TaC (also see reaction (1)). Hence, more of TaC remains unaffected and can enhance the performance of the TaC component. It is to be noted that although Ta 2 C has similar or better properties compared to TaC, it has a lower melting point of 3327 C compared to TaC. The construct of the crystal structure and its affiliation with the adjoining surfaces control the stability of a system. Herein, we can observe in Fig. 4 that charge density is the contribution of the electronic interaction between the adjoining surfaces. It can be observed from the charge density plots (Fig. 4) that TaC-Ta 2 C has lower charge density (more bluish region) in the interfacial region in comparison to that of TaC-CNT interface. Enhanced electronic interaction in TaC-CNT allows forming a stronger bond, thus, lowers the overall energy of the system and makes TaC-CNT system more stable. Further, comparing the Ta 2 C-CNT and TaC-CNT interfaces, iso-surface electronic energy contours elicit similar relation confirming higher stability of TaC-CNT interface (larger greenish area). Since B 4 C is added as an activator during spark plasma sintering of TaC, development of TaB 2 phase becomes inherent. 2 As evident from the isosurface energy contours, the enhanced electron sharing is observed in TaB 2 -CNT interface in comparison to that of TaB 2 -TaC interface (please note that the energy level color codes are different in Fig. 4) . Thereby, presence of TaB 2 favors interfacing with CNT rather than TaC to form a stable system. Therefore, TaC remains available as a structural material for enhanced performance owing to obviation of deleterious Ta 2 C phase. Hence, it can be observed that presence of CNTs allows lowering of the interfacial energy and stabilizes the system. In addition, CNTs act as a reservoir of carbon in reducing the damage to the functionality of TaC. So, it can be inferred from these findings that in the absence of CNTs, formation of Ta 2 C and TaB 2 interfaces with TaC becomes inherent. Whereas, presence of CNTs in TaC composite enhances the affinity of generated phases to interface with CNTs, rather than that with a dissimilar phase. The transformation of detrimental Ta 2 C or TaC 1-x phases can also be minimized via carbon supplement from CNTs in addition to enhancing the mechanical properties of TaC composite by CNT reinforcement.
The relative stability of phases and their interfacial energy is also confirmed experimentally from x-ray diffraction (Fig. 3) and electron microscopy (Figs. 5 and 6 ). Figure 5 shows the SEM images of the fracture surface of SPS TaC-1 wt.% B 4 C and TaC-4 wt.% long CNT composites. The presence of TaB 2 /C structures at TaC grain boundaries is seen in Fig. 5(a) while CNTs and graphitized carbon are observed in Fig. 5(b) . Figure 6(a) shows TEM image of the interface between TaC (111) and Ta 2 C (0002) plane in vacuum plasma sprayed TaC.
1 Ta 2 C formation was observed in vacuum plasma spraying, which has severe conditions of temperature and low pressure.
1 Figure 6 (b) shows the TEM image of a nano-sized TaB 2 island in a carbon matrix formed by the reaction between TaC and B 4 C (also see Eq. (1) and Fig. 2 ) during SPS at 1850 C and 363 MPa pressure. 14 Figures 6(c) and 6(d) show graphitic carbon structures between TaC grains (as expected from their higher stability in comparison to that of TaC-Ta 2 C interfaces described in Sec. III B) which are formed from CNTs during SPS. 14 It is known that mechanical properties of composite materials are influenced by the interface between the reinforcement and the matrix. Relative stability of the interfaces is also indicated by an improvement in the fracture toughness by 93% due to addition of B 4 C (Ref. 13 ), whereas CNT reinforcement led to improvement of fracture toughness by 60%. 14 Table II shows a higher stability of TaC-CNT interface compared to TaB 2 -CNT and TaC-TaB 2 interfaces. However, the enhancement in toughness observed for TaC-CNT composite was lower (60%) as compared to 93% in TaC-B 4 C composite. 14, 15 The higher enhancement in toughness in case of TaC-B 4 C composite could be attributed to creation of both TaB 2 -CNT and TaC-TaB 2 interfaces. Further, TaB 2 islands form in an amorphous carbon matrix 13 resulting in enhanced interface area and hence higher (93% increase) toughness in TaC-B 4 C composite. Thus, it is observed that interface stability can be predicted by ab-initio modeling of interfaces in TaC-B system.
IV. CONCLUSIONS
The interface stability energies generated during spark plasma sintering of TaC-B 4 C-CNT system were computed by ab-initio molecular modeling. Interfacial stability energy values computed from SIESTA indicate that the stability of TaC-CNT interface is the highest (-81. 14 TaC-1 wt.% B 4 C and TaC-4 wt.% CNT composites, respectively.
